INTRODUCTION
Subsurface geology of the Khorat and Sakon Nakhon basins (Figure 1 ), covering an area of approximately 50000 km 2 in the Northeastern Thailand, consists of unconsolidated sediments overlying deformed claystone and rock salt layers (Figure 2 ). The claystone and rock salt layers were deposited during the Cretaceous and were later filled with other sediments. When the rock salt layers were deeply buried under those younger rock strata and also were subjected to a tectonic compressive stress during the Himalayan Orogeny (Satayaruk et al, 1987) , the rock salt layers behaved as a viscous fluid and they were mobilised and flowed upward to form salt domes.
Results from relinquished 2-D seismic sections in the basins, acquired by the petroleum companies, show many deep and shallow salt domes spreading all over the basins. The salt domes vary in sizes and shapes with the depth range from 10-20 metres to 500-1000 metres below the ground surface (Satayaruk et al, 1987) . Furthermore, the seismic sections reveal that there are many urban areas located on the top of the near-surface salt domes. Rock salt is a soluble mineral and it is dissolved easily with water. Thus, a collapse of rock salt cavities from the shallow salt domes into sinkholes becomes one of geotechnical engineering and geo-environmental hazard concerns in the basins. There are at least two natural lakes with width and length of greater than 5 kms which are believed to be the consequential result of a collapse of the near-surface salt domes when rock salt was dissolved (Rau and Supajanya, 1985) .
Indeed, these two lakes were documented in a legend, where many people were killed by sudden collapse of the ground and two ancient cities were lost. Recent studies showed that the near-surface rock salt cavities in the Khorat and Sakon Nakhon basins are the result of not only natural causes but also anthropogenic activities related to salt production (Hinthong and Charoenprawat, 1990; Solgosoom et al, 1999; Satarugsa et al, 2001 ). There are a
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Geo-environmental hazard from near-surface cavities collapsed into sinkholes is alarmingly increasing in Northeastern Thailand. Detailed subsurface studies in the concerned areas are required for identification of sinkhole-prone areas, which may relieve fear of sinkhole hazard and help prevent possible and significant damage from the hazard. Thus, we examined the usefulness and capability of 2-D resistivity imaging technique for mapping and monitoring of surface cavities.
We conducted 2-D resistivity survey at a man-made square tunnel, a known subsurface geology, and the nearby sinkhole areas. Synthetic resistivity data of various electrode configurations, including Wenner, DipoleDipole, Schlumberger, Pole-Pole, and Pole-Dipole were generated from the model similar to a known geology of the tunnel. We acquired a resistivity survey across the tunnel in a similar way to the synthetic data. Results from the field data show that the Dipole-Dipole and Wenner configurations provide better tunnel imaging. The tunnel appears as a lateral anomaly in a homogenous medium.
An anomalous zone of the tunnel is distinguishable by the zone with high resistivity, surrounded by the lower background resistivity. However, location of the tunnel anomaly appears to be misplaced on the field resistivity pseudosection. It is different from the synthetic resistivity pseudosection. This suggests a strong 3-D effect from nearby structures. Results from the nearby sinkhole areas show that a Dipole-Dipole configuration provides a better result for cavity imaging than the Wenner configuration. An anomalous zone of the cavity is distinguished by very low and lowest resistivity zone surrounded by the higher background resistivity. These two results suggest that the 2-D resistivity surveys provide a reasonable basis for mapping a subsurface cavity. In addition, the 2-D resistivity survey was found to be useful for the monitoring of cavity progressive expansion, from similar resistivity survey was acquired at the same location when conducted at different times. few methods used in salt production in Northeastern Thailand. One of the methods used is pumping brine from wells drilled into a brine aquifer. This method is considered to be environmentally harmful. The brine aquifer is normally located above the rock salt body and hence the brine is withdrawn from the underground by a brine groundwater flow system. As a result of such activity, rock salt cavities can be created along the groundwater flow paths and it may not only be that cavities occur only at a brine well location. The rock salt cavities can be formed nearby or several kilometres away from the brine well. Today, over 500000 tones of salt is annually extracted from hundreds of brine wells of the pumping brine method. This method creates more rock salt cavities and cavity expansion.
As an environmental concern, a number of brine wells and pumping brine areas have already been halted. However an increasing number of a small sinkhole with diameters of a few centimetres to hundreds metres and expansion diameters of the existence sinkholes have still taken place. Figure 3 is an example of the collapse of near-surface rock-salt cavities into sinkholes. These sinkholes are near the areas where large volume of brine solution have been pumped. Thus a thorough subsurface geology study, together with environmental impact assessment of salt production by the pumping brine method, are necessary for prevention of possible and significant damage from near-surface cavities collapse into sinkholes, caused by their nature and/or by salt production activity. Identification of subsurface cavity-prone areas can protect the loss of lives and reduce fear of land subsidence.
2-D resistiviy imaging has been documented to be a powerful method for detection and mapping of near-surface geology, eg, a detection of cavity/sinkhole (Loke, 1999; Van Schoor, 2002) , mapping of industrial waste deposits (Ogilvy et al, 1999) , and mapping of salt intrusion (Abdul et al, 2000) .
In this paper, we report the results of our attempt to evaluate and to confirm a successful application of 2-D resistivity imaging for a number of purposes. These include (1) mapping the near-surface rock salt cavity, (2) a better understanding of development mechanisms of a cavity and (3) monitoring the near-surface rock salt cavity expansion. This study is a part of a research project on sustainable rock-salt exploitation in Northeastern Thailand. 
METHOD
The electrical properties shown in Figure 2 reveal that a cavity filled with either water or air, located either inside the claystone body or at the interface between rock salt and claystone are distinguishable on the basis of resistivity. According to Figure 2 , we considered the claystone and rock salt to be a geophysical background whereas a cavity was considered to be a geophysical anomaly. A lateral change of resisitivity anomaly due to the cavity is distinguishable from the background. With these considerations we attempted to apply 2-D resistivity technique for mapping subsurface cavity in the area comprising lithology as shown in Figure 2 .
In our study, we injected current into the ground through a pair of current electrodes and measured potential differences by using a pair of potential electrodes. For the 2-D electrical imaging technique, resistivity changes (vertical and horizontal) are measured along a survey line. The survey line was measured repeatedly by electrode arrays such as Wenner, Dipole-Dipole, or Schlumberger. The electrode spacing was kept constant in each measurement and it was progressively increased from one measurement to another until reaching the maximum spacing. We used Syscal R1 Plus for measurement of apparent resistivity.
Our procedural studies were as follows. First, we conducted an experiment with 2-D resistivity measurements across a man-made square tunnel with known geology and subsurface structures. We acquired the data with different electrode configurations including Wenner, Dipole-Dipole, Schlumberger, Pole-Pole, and Half-Schlumberger configurations. We generated synthetic 2-D resistivity data similar to our field data acquisition in order to compare Extended Abstracts synthetic and actual results and also to determine the best electrode configuration for mapping the tunnel (ie, cavity filled with air or brine) structure. We performed resistivity modeling and analysed the data with the program RES2DMOD and RES2DINV (Loke, 1999) . Second, we conducted an experiment with 2-D resistivity measurements with electrode configuration suggested by the data from the first experiment. The selected study area was the area where a large volume of brine was withdrawn and there was evidence for the occurrence of many subsurface collapses. We attempted to acquire resistivity imaging profiles across surface expression of sinkholes and nearby sinkhole areas (eg, Figure  3 ). Third, we acquired resistivity imaging profiles of the same locations at different times in order to determine the possibility of using 2-D resistivity imaging for monitoring subsurface cavity expansion. All 2-D resistivity results were analysed by using robust inversion model constrain (L 1 -norm) as recommended by Loke (1999) for a sharp subsurface contrast.
RESULTS
Results from our first survey line across the man-made tunnel measured with different electrode configurations including Wenner, Dipole-Dipole, Schlumberger, Pole-Pole and Half Schlumberger configurations show that all electrode configurations can detect the underground tunnel. The Wenner and Dipole-Dipole configurations provide a better tunnel imaging (Figure 4) . The underground tunnel can be considered as a lateral anomaly in a homogenous medium. An anomalous zone of the tunnel can be distinguished as a high resistivity zone, surrounding by a lower background resistivity (Figure 4) . However, the location of the tunnel anomaly appears to be misplaced on resistivity pseudosections ( Figures  4b and 4d) . They are different from the predicted models (Figures 4a and 4c ). Both predicted and the measured square tunnel resistivity images show a semi-square shape at the high anomalous zone.
Results from our second experiment at the nearly sinkhole areas showed that a Dipole-Dipole configuration provided a better result for subsurface cavity image than the Wenner configuration (Figures 5a vs 5b) . This was also suggested by results of our first attempt (Figures 4a vs 4c and 4b vs 4d) . The cavity can be considered as a lateral anomaly in a homogenous medium similar to the tunnel. An anomalous zone of the cavity is distinguishably as very low and lowest resistivity zone, surrounding with the higher background resistivity (Figure 5a ). These two results (Figures 4 and 5 ) suggest that the 2-D resistivity survey provides a reasonable basis for mapping a subsurface cavity and the electrode array chosen is significant to the better imaging of the underground body. Figure 6 shows the results from our third experiment where resistivity data were acquired at different times of the same location. The low resistivity anomaly surrounded by the higher resistivity appears to be the subsurface deformation zone which was interpreted as a zone of highly fractured claystone filled with brine and a brine-filled cavity (compare Figure 6a with 6b, or 6c). The cavity filled with brine was expected to be at the interface between claystone and rock salt. However, depths to the rock salt from nearby wells are about 20-25 metres, ie, deeper than the low resistivity zone. Perhaps, this could be explained by having happened when the weak zone of rock salt at the interface was dissolved by underground water to form brine. Later, the brine was pumped out for salt production. Thus the cavity was created at the interface and weak zone. When the size of the cavity was increased, the claystone above the cavity was gradually eroded and collapsed into the cavity. Before the collapse, fractures in claystone may have had taken place. Results from Figure 6 suggest that the expansion of the sinkhole will continue, if the brine is withdrawn and the 2-D resistivity imaging technique appears to be used as a basis for mapping and monitoring cavity expansion. 
CONCLUSIONS
Our results illustrated that the successful application of 2-D resistivity surveys in the detection of a cavity in the nearground surface. The survey results can be used as a basis for mapping and monitoring sinkhole-prone areas. A welldefined structure with very low to lowest resistivity bound with a higher resistivity reveals a rock salt cavity in the nearground surface. Claystone and rock salt can be considered as a lateral homogenous resistivity. However, our results acquired across the tunnel illustrate misplaced tunnel anomaly. This may be a result from strong near-surface man-made structures. Future 3-D resistivity survey would be of use in elimination of such strong 3-D effects.
